INTRODUCTION 2 3 1 specific antibody is available. Thus, the subcellular location of DIV-1 was analyzed 2 3 2 using a transgenic worm expressing both pie-1 (promoter)::GFP::div-1::pie-1 3'UTR and (Supplementary material Fig. S1 ). Notably, GFP::DIV-1 was highly accumulated in the 2 3 6 proximal mitotic region (state(II)) that contains a mixture of mitotically cycling cells and 2 3 7 early differentiating cells in adult germlines ( Fig. 3I-3K ), compared to the expression of 2 3 8 mCherry::HIS-58). This result suggests that DIV-1 may be required for the robust 2 3 9 proliferation typical of the mitotic germ cells during development. Next, we asked 2 4 0 whether DIV-1 controls germline proliferation by affecting the expression of Notch 2 4 1 signaling genes (lag-2, Notch ligand; glp-1, Notch receptor) and gld-1 gene (a key 2 4 2 regulator for germ cell differentiation). To answer the question, we performed div- anti-GFP antibodies. The staining showed that depletion of DIV-1 did not affect the 2 4 6 expression of LAG-2, GLP-1, and GLD-1 (Supplementary material Fig. S2 ). This result 2 4 7
indicates that DIV-1 may not directly influence the expression of well-known key 2 4 8 proliferation and differentiation regulators, LAG-2, GLP-1, and GLD-1. How then does 2 4 9 DIV-1 affect germline proliferation? One possible mechanism is that DIV-1 may promote 2 5 0 GSC maintenance and germline proliferation by maintaining a threshold for germline proliferation and its activity must be fall below a threshold for differentiation (Fox and 2 5 6 Schedl, 2015) . Based on this report, we suggest that loss of DIV-1 may rise a threshold Next, the role of DIV-1 in the formation of germline tumors was examined using a 2 6 3 glp-1(oz112) gain-of-function (gf) mutant (see Fig. 1D and 1F ). In C. elegans, elevated 2 6 4 GLP-1/Notch activity promotes the formation of germline tumors (Berry et al., 1997) . To formation, we depleted the expression of div-1 gene by RNAi in glp-1(oz112gf) mutants confirmed in temperature-sensitive glp-1(ar202gf) mutants. The glp-1(ar202gf) mutants 2 7 2 are typically normal at 15°C, but most of them generate proximal germline tumors at 2 7 3 restrictive temperature (25°C) (Pepper et al., 2003) . div-1(RNAi) also showed ~20% and 2 7 4 ~10% reduction of glp-1(ar202gf) germline tumor formation in compared to vector 2 7 5 (RNAi) at 23.5°C and 25°C, respectively ( Fig. 4A ). Why did the effect of div-1(RNAi) on 2 7 6 glp-1(oz112gf) or glp-1(ar202gf) mutants ( Fig. 4A ) was much weaker than that of div-2 7 7 1(RNAi) on glp-1(bn18) mutants ( Fig. 2E ) at 20°C. One possible idea is that the 2 7 8 phenotype of glp-1(oz112) or glp-1(ar202) mutants may be stronger than that of glp-2 7 9 1(bn18) mutants. However, we do not think because RNAi of genes that are associated 2 8 0 with core GLP-1/Notch components (glp-1 or lag-3) sufficiently repressed the formation 2 8 1 of glp-1(oz112gf) germline tumors (Supplementary material Fig. S3 ). Moreover, RNAi of 2 8 2 rpa-1, cya-1, and chk-1 genes also suppressed the formation of glp-1(ar202) germline 2 8 3 tumors, although RNAi of rpa-1 and cya-1 did not enhance a Glp phenotype in the glp- possible idea is that DIV-1 is required more for germline proliferation in early larval 2 9 0 stages than for germline proliferation during adulthood. Two lines of evidence support 2 9 1 the latter idea: 1) the germline tumors that are caused by elevated GLP-1/Notch activity 2 9 2 are initiated in the mid L4 stage (Pepper et al., 2003) . 2) div-1(RNAi) from L4 staged 2J and 2K). Therefore, we suggest that DIV-1 is required for GLP-1/Notch-mediated and also is partially necessary for the formation of germline tumors during L4 and later Next, to ask whether the effect of DIV-1 on germline proliferation is specific to 2 9 9 GLP-1/Notch signaling, we depleted the expression of div-1 by RNAi in gld-3(q730) nos- 2004). Result showed that div-1(RNAi) failed to suppress gld-3 nos-3 germline tumors 3 0 5 ( Fig. 4A ). This suggests that DIV-1 may act upstream of GLD-3 and NOS-3 pathways 3 0 6 (see Fig. 7A ). To confirm this result, we also performed div-1(RNAi) in glp-1(q224); gld-3 0 7 3 nos-3 triple mutants at 25°C. glp-1(q224) is a temperature-sensitive and loss-of-3 0 8 function mutant like glp-1(bn18) mutants. Most of the glp-1(q224ts) mutants are typically 3 0 9
fertile, but they are completely sterile due to a Glp phenotype at 25°C (Austin and 3 1 0 Kimble, 1987). However, homozygotes for glp-1(q224ts); gld-3 nos-3 have germline to suppress the formation of germline tumors in glp-1(q224ts); gld-3 nos-3 mutants at 3 1 5 25°C ( Fig. 4A and 4E ). These results suggest that DIV-1 acts upstream of GLD-3 and NOS-3 pathways to GLP-1/Notch-mediated germline proliferation (see Fig. 7A ). In addition to GLP-1/Notch signaling, a battery of RNA regulators also control a 3 2 0 balance between proliferative and differentiation. One of well conserved RNA regulators In particular, FBF-1 and FBF-2 (96% identical, henceforth called FBF) proteins have an in fbf-1 fbf-2 double mutants, GSCs are maintained until the L4 stage, but most GSCs 3 3 0 leave mitotic cell cycle, enter meiosis, and eventually differentiated into sperm (Glp 3 3 1 phenotype) (Crittenden et al., 2002) . Interestingly, we found that the Glp phenotype of Fluor 488 Imaging Kit. 76% of puf-8 fbf-1 fbf-2 germlines were positive for EdU-labeling 3 4 3 in the germline ( Fig. 5D-5G ). However, only 29% of div-1(RNAi); puf-8 fbf-1 fbf-2 3 4 4 germlines were positive for EdU-labeling ( Fig. 5H-5K ). This result suggests that DIV-1 3 4 5 may be required for GSC maintenance and germline proliferation in puf-8 fbf-1 fbf-2 3 4 6 mutant germlines. It was previously reported that PUF-8 also represses GLP-1/Notch-mediated 1(ar202gf) mutants produce both sperm and oocyte, which are self-fertile at 20°C, the 3 5 0 puf-8 mutation strongly enhances the germline tumor phenotype of the glp-1(ar202gf) 3 5 1 mutant even at 20°C (Racher and Hansen, 2012) ( Fig. 5C ). This suggests that PUF-8 3 5 2 inhibits proliferative fate through negative regulating GLP-1/Notch signaling or by 3 5 3 functioning parallel to it (Racher and Hansen, 2012) . We also tested if div-1(RNAi) 3 5 4 suppresses the formation of germline tumors in puf-8(q725); glp-1(ar202gf) double 3 5 5 mutants at 20°C. Interestingly, div-1(RNAi) failed to suppress the formation of germline 3 5 6 tumors in puf-8(q725); glp-1(ar202gf) mutants ( Fig. 5C ). How does div-1(RNAi) 3 5 7 suppress the formation of germline tumors of glp-1(ar202gf), but not that of puf-8; glp-3 5 8 1(ar202)? One possible idea is that DIV-1 may fall the threshold for germline We showed here that DIV-1 promotes GLP-1/Notch-mediated germline 3 6 7 proliferation. However, it still has a possibility that DIV-1 may influence germline pathway. To test this possibility, we employed glp-1(q35) mutant. The glp-1(q35) has a 3 7 0 premature stop codon, which results in a truncated GLP-1/Notch protein that lacks a PEST domain is associated with a shorter GLP-1(intra) half-life and more rapid nonsense-mediated decay (NMD) (Mango et al., 1991) . Mutation of smg-1, which is 3 7 5 required for NMD in C. elegans, stabilized glp-1(q35) mRNA, and thereby, suppressed the Glp phenotype of glp-1(q35) mutant. Wild-type adult hermaphrodites have normally 3 7 7 one vulva ( Fig. 6A and 6D ). However, smg-1; glp-1(q35) double mutants have a Notch receptors) mutations (Mango et al., 1991) (Fig. 1G, 6B and 6E) . Next, to test 3 8 0 whether DIV-1 is necessary for the smg-1; glp-1(q35) Muv phenotype, we performed 3 8 1
RNAi of div-1 and vector (negative control) into smg-1; glp-1(q35) double mutants at 3 8 2 20°C, and scored the number of extra vulva under differential interference contrast 3 8 3 microscopy. Adult wild-type hermaphrodites typically have one vulva ( Fig. 6A and 6D) , (Fig. 6C and 6F ) and promote the Glp phenotype (data not shown) in the smg-1;
glp-1(q35) mutants. We also examined the effects of other cell cycle regulators on glp- showed an important role in GLP-1/Notch-mediated germline proliferation and germline 3 9 1 tumor formation, respectively (Supplementary material Fig. S3 ) did not influence glp- Fig. S3 ). This result suggests that unique cell cycle length and structure may 3 9 8 specify cell fate differently in germline and soma. All together, we propose that DIV-1 3 9 9
plays an important role in GLP-1/Notch signaling to control cellular events in the C. Importantly, stem cells have a unique cell cycle structure (short or absent G1 and long S 4 1 2 phase), suggesting the potential role of G1/S and S phase in stem cell regulation. We 4 1 3 specifically demonstrated for the first time that DIV-1 works together with GLP-1/Notch 4 1 4 signaling and its downstream RNA regulators (e.g., FBF) for GSC maintenance and 4 1 5 germline proliferation in C. elegans. All regulators that we studied here are highly 4 1 6 conserved in other multicellular organisms, including humans. Therefore, our findings Notch signaling plays varied and critical roles in regulating many types of stem 4 2 2 cells by receiving signals from their microenvironment (also known as "niche"). Notch but CYD-1 is not (Fox et al., 2011) . Moreover, C. elegans CYD-1 and CYE-1 induce 4 4 4 distinct cell cycle re-entry programs in differentiated muscle cells (Korzelius et al., 2011) .
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These reports and our findings suggest that cell fate determination in different tissues 4 4 6 (e.g., germline and soma) and/or developmental conditions (e.g., early/late development, The initiation of DNA replication during S phase relies on the DNA polymerase PolA2, and the small and the large primase subunits "Prim1 and Prim2", respectively. DIV-1/PolA2, PRI-1/Prim1, and PRI-2/Prim2. Our study showed that depletion of DIV- not know yet, but we suggest two mechanisms: First, DIV-1 may control GSC studies provide ample evidence that many stem cells can still divide symmetrically, in the live C. elegans germline or by monitoring cell division in germ cell culture system. to DNA at the replicative forks. PolA2 (G583R) mutation led to localize in the cytoplasm 4 9 9
instead of the nucleus, which inhibits DNA replication in cancer cells (e.g., non-small 5 0 0 cell lung cancer (NSCLC) and makes them sensitive to chemotherapy (e.g., mediated NSCLCs has not yet been studied, a fundamental mechanism in stem cell 5 1 0 maintenance and tumorigenesis may be conserved. Therefore, understanding a 5 1 1 mechanism underlying Notch signaling and PolA1/2 may hold promise for molecular 5 1 2 and cellular therapies in these tumors. All strains were derived from Bristol strain N2 and maintained at 20°C as 5 1 7
described unless otherwise noticed (Brenner, 1974) . Mutants and transgenic worms are 5 1 8
listed in Supplementary Table S1 . were collected using M9 buffer from NGM agar plates and transferred into a 2 ml 5 2 6
Eppendorf tube. After washing two times with M9 buffer (3 g KH 2 PO 4 , 6 g Na 2 HPO 4 , 5 g 5 2 7
NaCl, 1 ml 1 M MgSO 4 , H 2 O to 1 litre), whole worms were fixed with 3% 5 2 8 paraformaldehyde/0.1M K 2 HPO 4 (pH 7.2) solution for 20 min, and then post-fixed with 5 2 9 cold 100% methanol for 5 min at −20°C (alternatively, fixed worms can be stored in cold observed using a fluorescence microscopy, as previously described (Yoon et al., 2016) . RNAi constructs were obtained from the C. elegans RNAi Library (Thermo stranded RNAs (dsRNAs) corresponding to the gene of interest as previously described 5 4 0 (Kamath et al., 2001; Ashrafi et al., 2003 ) (see Fig. 2E ). The germline phenotypes were glp-1(bn18) mutants was tested by RNAi from young adult animals (see Fig. 2J ). 3 days Germline antibody staining was performed as described in (Yoon et al., 2016) .
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Briefly, dissected gonads were fixed in 3% paraformaldehyde/0.1M K 2 HPO 4 (pH 7.2) 5 5 0 solution for 10-20 min, and then post-fixed with cold 100% methanol for 5 min 5 5 1 (Alternatively, fixed worms can be stored in cold methanol at -20°C for a few days).
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After 30 min blocking with 1x PTW/0.5% BSA (Bovine Serum Albumin) solution, add solution containing the fluorescence-conjugated secondary antibodies for 1-2 hours at 5 5 7 room temperature. After washing three times using 1x PTW/0.5% BSA solution for at 5 5 8 least 30 min (10-min interval), the dissected gonads were stained with DAPI solution 5 5 9
(100 ng/mL) for 10 min at room temperature and were then washed with 1x PTW/0.5% 5 6 0
BSA solution three times. The antibody staining was observed using a fluorescence 5 6 1 microscopy. See Supplementary Table 2 for a list and working conditions of primary 5 6 2
antibodies that we used in this study. For EdU labeling, animals were incubated with rocking in M9/0.1% Tween 20/1 5 6 6
mM EdU for 30 min at room temperature. Gonads were dissected as for germline 5 6 7 antibody staining and fixed in 3% paraformaldehyde/0.1M K 2 HPO 4 (pH 7.2) solution for 5 6 8
10-20 min, followed by -20°C methanol fixation for 10 min. Dissected gonads were 5 6 9
blocked in 1xPTW/0.5% BSA solution for 30 min at room temperature. EdU labeling was 5 7 0 detected using the Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen, CA, #C10337), 5 7 1
according to the manufacturer's instructions. After washing three times with 1x 5 7 2 PTW/0.5% BSA solution for at least 30 min (10-min interval), the dissected gonads were 5 7 3 stained with DAPI solution (100 ng/mL) for 10 min at room temperature and were 5 7 4
washed with 1x PTW/0.5% BSA solution three times. The EdU labeling was observed 5 7 5
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